Rationale CB 1 cannabinoid receptors are distinctly expressed at high density within several regions of zebra finch telencephalon, including those known to be involved in song learning (lMAN and Area X) and production (HVC and RA) because (1) exposure to cannabinoid agonists during developmental periods of auditory and sensorymotor song learning alters song patterns produced later in adulthood and (2) densities of song region expression of CB 1 waxes and wanes during song learning. It is becoming clear that CB 1 -receptor-mediated signaling is important to normal processes of vocal development. Materials and methods To better understand the mechanisms involved in cannabinoid modulation of vocal behavior, we have investigated the dose-response relationship between systemic cannabinoid exposure and changes in neuronal activity (as indicated by expression of the transcription factor, c-Fos) within telencephalic brain regions, with established involvement in song learning and/or control. Results In adults, we have found that low doses (0.1 mg/kg) of the cannabinoid agonist WIN-55212-2 decrease neuronal activity (as indicated by densities of c-fos-expressing nuclei) within vocal motor regions of caudal telencephalon (HVC and RA) while higher doses (3 mg/kg) stimulate activity. Both effects were reversed by pretreatment with the CB 1 -selective antagonist rimonabant. Interestingly, no effects of cannabinoid treatment were observed within the rostral song regions lMAN and Area X, despite distinct and dense CB 1 receptor expression within these areas. Conclusions Overall, our results demonstrate that, depending on dosage, CB 1 agonism can both inhibit and stimulate neuronal activity within brain regions controlling adult vocal motor output, implicating involvement of multiple CB 1 -sensitive neuronal circuits.
Introduction
Songbirds like the zebra finch have been essential to investigations of the neurobiology underlying vocal development (reviewed by Troyer and Bottjer 2001) . Because zebra finch song is a form of vocal communication learned during distinct late-postnatal periods (Doupe and Kuhl 1999) , we have employed these animals as a pharmacological model to study drug effects on learning during "periadolescent" development (Spear 2000) . We have found that single daily treatments with a modest dosage (1 mg/kg) of the cannabinoid agonist WIN55212-2 (WIN) from 50 to 100 days of age (the time-course of zebra finch postnatal development is similar to that of the rat) alters vocal learning by reducing (1) the number of note types produced and (2) song stereotypy (a measure of song quality developed by Scharff and Nottebohm 1991) . Because these changes did not occur in adults administered the same treatment, the effect is restricted to periods of vocal development . Further experiments have revealed that these effects on note number and stereotypy are produced independently: Stereotypy is reduced by WIN exposure from 50 to 75 days, while note numbers are altered by exposure from 75 to 100 days .
Coordinated control of song learning, perception, and production involves a discrete set of interconnected midbrain, thalamic, and telencephalic brain regions (see Bottjer and Johnson 1997 for review) . CB 1 cannabinoid receptors are densely and distinctly expressed in several of these song regions through adulthood (e.g., all of the areas indicated in Fig. 1 , . The density and pattern of distinct CB1 expression in several of these song regions notably waxes and wanes over the course of song learning, implicating cannabinoid signaling as important to the normal course of vocal development. Song regions notable for particularly distinct changes in the density and pattern of CB1 expression during vocal learning include the rostral telencephalic regions lMAN and Area X and caudal regions HVC and RA (Soderstrom and Tian 2006) . The goal of the current project was to characterize effects of cannabinoid agonism on neuronal activity within these distinctly receptor-expressing telencephalic song regions. Activity was studied as a function of expression of the immediate early gene, c-Fos. This knowledge will be important to understanding how the acute effects of cannabinoids result in reduced song output and locomotor activity in adult animals (Soderstrom and Johnson 2001) and will determine normal patterns of cannabinoid-induced changes in neuronal activity to which patterns associated with altered vocal development can be compared.
Materials and methods
Except where noted, all materials and reagents were purchased from Sigma or Fisher Scientific. Immunochemicals were purchased from Vector laboratories (Burlingame, CA, USA) and Santa Cruz Biotechnology (Santa Cruz, CA, USA). We have employed the recently revised system of nomenclature in descriptions of zebra finch neuroanatomy (Reiner et al. 2004a, b) .
Animals
Adult male zebra finches bred in our aviary and sexed at ∼25 days via PCR (Soderstrom et al. 2007 ) were used in these experiments. Prior to the start of experiments, birds were housed in flight aviaries with mixed seeds (SunSeed VitaFinch), grit, water, and cuttlebone freely available. Each flight aviary contained several perches. The lightdark cycle was controlled at LD 14:10 h, and ambient temperature was maintained at 25.6°C.
To eliminate possible variance associated with staining conditions during immunohistochemistry, tissue from animals from each treatment group were processed simultaneously.
Animals were cared for and experiments conducted according to protocols approved by East Carolina University's Animal Care and Use Committee.
Treatments
Drug treatments were given by IM injection of 50 μl into the pectoralis. Drug dilutions for injection were made from 10 mM DMSO stocks to produce a final vehicle of 1:1:18 DMSO/Alkamuls (Rhodia, Cranberry, NJ, USA)/phosphatebuffered saline (PBS; pH=7.4). WIN55212-2 was purchased from Sigma; rimonabant (SR141716A) was a gift from Sanofi Recherche. Because (1) song production and Soderstrom and Tian 2006) . Rostral is left; dorsal top. Telencephalic regions containing dense CB 1 expression are indicated in black and include telencephalic song regions lateral magnocellular nucleus of the anterior nidopallium (lMAN), Area X within songbird medial striatum (Area X), HVC, and the robust nucleus of the arcopallium (RA). Thalamic regions nucleus uvaformis (Uva) and dorsal lateral nucleus of the medial thalamus (DLM) that also distinctly express CB 1 receptors are shown in grey and included to illustrate known interconnections between song regions (indicated by arrows, Bottjer and Johnson 1997) perception is known to alter expression of c-Fos in zebra finch song regions (Whitney et al. 2003) and (2) zebra finches are inactive and do not sing in the dark, treatments were given immediately prior to the beginning of light cycles to prevent potential song-and activity-related c-Fos expression. Preliminary experiments indicated peak c-Fos expression occurred 90 min following treatments, and, therefore, this period was used for all studies. For antagonist experiments, rimonabant was given 10 min prior to the agonist WIN55212-2, which was given immediately preceding the beginning of light phases and 90 min prior to perfusion for immunohistochemistry. To reverse effects of the low, 0.3 mg/kg WIN55212-2 dosage, we employed a half-log higher (1 mg/kg) dosage of rimonabant in order to minimize the fraction of agonist-bound receptors in our system. In the case of the higher 3-mg/kg-WIN55212-2 dosage, we were unable to prepare an even suspension of a half-log higher rimonabant dosage to deliver in a reasonable volume (50 μl). Therefore, we employed a rimonabant dosage of only twice that of the agonist dosage (6 mg/kg rimonabant).
Anti-c-Fos immunohistochemistry
Ninety minutes following treatments, birds were killed by Equithesin overdose and transcardially perfused with PBS (pH=7.4) followed by phosphate-buffered 4% paraformaldehyde, pH=7.0. After brains were removed and immersed overnight in buffered 4% paraformaldehyde, they were blocked down the midline, and left hemispheres were sectioned parasagittally (lateral to medial) on a vibrating microtome. Immunohistochemistry was performed using a standard protocol reported in Whitney et al. (2000) except that anti-c-Fos primary antibody was employed. For immunohistochemistry experiments, 30-μm sections of zebra finch brain were reacted with a 1:3,000 dilution of polyclonal anti-c-Fos antibody raised in rabbit (Santa Cruz Biotechnology, cat #sc-253). Note that this antibody has previously been successfully used with zebra finch tissue (Bolhuis et al. 2001) . Tissue sections were rinsed in 0.1% H 2 O 2 for 30 min, blocked with 5% goat serum for 30 min, and incubated overnight in blocking solution containing anti-c-Fos antibody (1:3,000). After antibody exposure, sections were rinsed in PBS (pH=7.4), incubated in blocking solution containing biotinylated anti-rabbit antiserum (1:500) for 1 h, rinsed with PBS again, and then submerged in avidin-biotin-peroxidase complex solution (purchased as a kit from Vector Laboratories) for 1 h. Antibody labeling was visualized with DAB solution. Control sections that were not incubated in primary antibody were not immunoreactive.
For double-labeling experiments, our anti-zebra finch CB 1 was employed at a dilution of 1:5,000 as described above for c-Fos staining and reacted with DAB to produce a rust-brown stain. Specificity of this antibody's labeling of zebra finch CB 1 receptors was demonstrated previously . After anti-CB 1 staining, sections were washed three times in buffered saline solution (pH= 7.4) and blocked in 5% goat serum for 30 min. Following the blocking step, sections were exposed to anti-c-Fos primary antibody diluted 1:3,000 in 5% goat serum for 18 h. After the second primary antibody exposure, sections were rinsed in PBS (pH=7.4), incubated in blocking solution containing biotinylated anti-rabbit antiserum (1:500) for 1 h, rinsed with PBS again, and then submerged in avidin-biotin-peroxidase complex solution (purchased as a kit from Vector Laboratories) for 1 h. Antibody labeling was visualized with DAB solution with addition of a nickel chloride reagent to produce blue-grey staining.
Staining was examined in various brain regions at ×12.5, ×100, and ×600 using an Olympus BX51 microscope with Nomarski DIC optics. Images were captured using a Spot Insight QE digital camera and Image-Pro Plus software (MediaCybernetics, Silver Spring, MD, USA) under identical, calibrated exposure conditions. These images were background-corrected, converted to grey scale, and borders of brain regions traced manually. Two-dimensional counts of labeled nuclei from images and areas enclosed within traced areas were determined without knowledge of treatment condition for each brain region of interest from five separate sections per animal using Image-Pro Plus software. Counts were made independently by two investigators and pooled for analysis. Mean densities (within region counts of stained nuclei/area of the region) were compared across treatment group and brain region using two-way ANOVA as described below.
Statistical analyses
Relationships between drug treatments and anti-c-Fosreactive cell densities were determined through two-way ANOVA with treatment (WIN dosage, or vehicle vs. WIN vs. WIN + rimonabant vs. rimonabant) and brain region (HVC vs. RA vs. lMAN vs. Area X) as factors. To best illustrate basal c-fos expression differences across rostral and caudal regions of telencephalon, raw densities of immunoreactive cells were analyzed for initial experiments investigating agonist-induced changes. For antagonist reversal experiments of effects within caudal regions only because low-and high-dose experiments were done independently to minimize cross-experiment variance, raw immunoreactive cell densities were transformed to fractions of respective vehicle control values. Following ANOVA determination that mean cell densities or transformed values differed across treatment and brain regions (p≤ 0.05), Student-Neuman-Keuls posttests were done.
Results

Effects of various WIN55212-2 dosages on song region c-Fos expression
Basal densities of c-Fos-reactive cells within the rostral telencephalic song regions lMAN and Area X were remarkably low (Fig. 2a and c) and did not vary as a function of acute exposure to the cannabinoid agonist WIN55212-2 (Figs. 2b and d and 3a and b) . Densities of cFos-reactive nuclei following agonist exposure within each brain region are summarized in Fig. 3 . In contrast to rostral regions, the caudal song regions HVC and RA showed appreciable levels of basal c-Fos expression (Figs. 4a and c and 3c and d). WIN55212-2 elicited a biphasic effect on cFos-reactive nuclei: 0.3 mg/kg produced a significant reduction in the density of immunoreactive nuclei in both HVC (from 90.4±17.5 to 59.6±11.0/mm 2 ) and RA (from 155.5±31.2 to 15±4.8/mm 2 ), 1 mg/kg produced no overall change, while 3 mg/kg produced significantly increased densities in both HVC (to 536.1±41.5/mm 2 ) and RA (to 530.2±67.6/mm 2 , *p<0.05 in each case).
Antagonist reversal of cannabinoid-altered c-Fos expression within caudal song regions of telencephalon
Effects of the CB1 receptor antagonist rimonabant were evaluated within caudal telencephalic song regions (HVC and RA) that were initially found sensitive to effects of the agonist WIN55212-2. Within both regions, antagonist pretreatment effectively reversed cannabinoid-altered c-fos expression. These reversals included effects of both the higher stimulatory dosages (3 mg/kg, Fig. 5a and b, † p< 0.05) and lower (0.3 mg/kg, Fig. 5c and d, † p<0.05) inhibitory dosages of the agonist. Following the high WIN55212-2 dosage (3 mg/kg) within HVC, mean fractions of c-Fos-expressing neurons [relative to vehicle controls (VEH)] were significantly increased to 3.17±0.35 of control. This increase was significantly reversed to 0.93±0.12 of control by pretreatment with 6 mg/kg rimonabant (Fig. 5a , † p <0.05).
Similarly within RA, 3 mg/kg of WIN55212-2 resulted in a significant increase in c-Fos densities to 6.46±1.36 of controls. This increase within RA was significantly reversed to 0.87±0.25 of control following pretreatment with 6 mg/kg rimonabant (Fig. 5b , † p<0.05). Interestingly, within RA, the high rimonabant dosage (6 mg/kg) significantly increased densities of c-Fos-reactive nuclei relative to effects of a combination of 6 mg/kg rimonabant with 3 mg/kg WIN55212-2 (indicated by a double dagger in Fig. 5b , ‡ p<0.05). The potential significance of this is discussed below. Following the lower WIN55212-2 dosage (0.3 mg/kg), significant reductions of c-Fos-reactive cells were observed within both HVC (to 0.21±0.04 of VEH) and RA (to 0.10± 0.02 of VEH). Pretreatment with 1 mg/kg rimonabant Rostral is left; dorsal is top; magnification is ×100. Dark puncta represent stained nuclei. Note relatively low-level expression in lMAN (indicated by dashed outline in a and b) and Area X (outlined in c and d) relative to that within the caudal song regions HVC and RA (shown in Fig. 3) prevented these reductions in both brain regions, resulting in 2.19±0.34 and 5.31±1.54 of VEH in HVC and RA, respectively ( † p<0.05 in each case, Fig. 5c and d) .
Although within RA, rimonabant administered alone tended to increase densities of c-fos-reactive nuclei relative to vehicle controls, differences were not significant (within either HVC or RA at low or high agonist dosages, p>0.05 in each case). In HVC of animals treated with both 0.3 mg/kg and 3 mg/kg WIN55212-2, significant differences between combined rimonabant and WIN55212-2 and rimonabant alone were not observed.
Double immunohistochemical labeling with anti-c-Fos and anti-zebra finch CB 1 receptor antibodies
To evaluate the relative distribution of CB 1 receptors and cFos-expressing cells, a series of double-labeling immunohistochemistry experiments were completed. As found previously (Soderstrom and Tian 2006; , CB 1 receptors are expressed densely in neuropil and within distinct puncta of both HVC and RA song regions of zebra finch telencephalon. This pattern of CB 1 receptor expression did not appear to change as a function of acute administration of various WIN55212-2 dosages. The distinctly labeled puncta are irregularly shaped and smaller than c-Fos-labeled nuclei and occasionally appear to surround the cell bodies of c-Fos-expressing cells but do not otherwise appear to colocalize with nuclear c-Fos expression or within cell bodies surrounding c-Fos-labeled nuclei (see Fig. 6 ).
Discussion
The ability of cannabinoid agonists to stimulate immediately early gene expression has been established since the mid-1990s (Mailleux et al. 1994) . Prior studies of cannabinoid stimulation of c-Fos expression within a subset of rat brain regions have provided important insight into the role of cannabinoid signaling in the mammalian brain, for example, discovery of increased activity within nucleus accumbens is consistent with rewarding properties of these compounds, increased activity within caudate putamen is consistent with locomotor effects, and activity within the paraventricular nucleus of the hypothalamus is consistent with known effects on the hypothalamic-pituitary-adrenal axis and involvement in stress responses (McGregor et al. 1998; Patel et al. 1998; Patel and Hillard 2003) .
Although there has been some indication of the ability of low cannabinoid agonist dosages to inhibit neuronal activity in mammalian systems (cf. Fig. 3 ; Patel and Hillard 2003) , clear effects have not been previously reported. Prior lack of appreciation of this phenomenon may be due to differences in basal neuronal activity between our avian species and the rodents previously studied, or perhaps more likely, to differences in anatomy of the brain regions studied. Rather than the laminar arrangement of groups of neurons characteristic of mammalian forebrain, the avian telencephalon is organized in a nuclear manner (e.g. Fig. 1 and Reiner 2005) . The resulting discrete aggregations of functionally related neurons are particularly well suited to spatial analysis, effectively increasing the signal in our Rostral is left; dorsal is top; magnification is ×100. Dark puncta represent stained nuclei. Note relatively high-level expression in HVC and RA relative to that within caudal song regions (shown in Fig. 2) studies and allowing precise measurement of c-Fos expression levels.
Our goal was to characterize changes in neural activity within CB 1 -expressing telencephalic song regions after systemic cannabinoid agonist exposure. Our hypothesis was that changes in activity within all four cannabinoidreceptor-expressing regions studied (lMAN, Area X, HVC, and RA) would be observed following cannabinoid treatments. Therefore, the finding of altered activity only within the caudal regions, HVC and RA, was unexpected.
The function of the rostral regions, lMAN and Area X, are critical for successful zebra finch vocal development. Lesions of either of these areas prior to completion of song learning results in impaired vocal development, while adult ablation of these regions does not alter already learned song (Bottjer et al. 1984) . This raises the possibility that cannabinoid signaling systems known to be present within these rostral song regions serve a learning-related function that is completed prior to maturation and accompanied by decreased activity. This hypothesis is supported by a distinct increase in CB 1 -receptor densities and changes in expression patterns within these regions during vocal learning that wanes in adulthood (Soderstrom and Tian 2006) . This also suggests that altered vocal learning produced by exogenous cannabinoid exposure during latepostnatal development may be attributable to a premature reduction in cannabinoid-sensitive activity within rostral song regions, a possibility that merits further study.
The caudal telencephalic song regions, HVC and RA, are critical for vocal motor output of adult song (Nottebohm et al. 1976 ). The ability of systemic WIN55212-2 to alter activity within these motor regions is consistent with results of behavioral experiments demonstrating cannabinoid agonist inhibition of adult song production (Soderstrom and Johnson 2001) and the well-established effects of cannabinoid agonists to reduce locomotor activity in other vertebrate species (including amphibians, e.g., Soderstrom et al. 2000 and reviewed by Chaperon and Thiebot 1999) . These results also suggest that low cannabinoid dosages may produce behavioral effects that oppose those of higher dosages. In the case of song production, low doses tend to increase output, while higher dosages inhibit it (see Fig. 2a , Soderstrom and Johnson 2001) .
Distinct dose-dependent effects of WIN55212-2 are particularly interesting and suggest presence of multiple cannabinoid-sensitive systems within the vocal motor regions HVC and RA. In mammalian species, evidence Fig. 4 The cannabinoid agonist WIN55212-2 increases c-Fos expression within a subset of telencephalic brain regions known to control song learning and control. Birds were killed 90 min following treatment and perfused for immunohistochemistry. Densities of immunoreactive nuclei within each region (n=6 animals within each treatment group) are summarized. Mean densities were generated from counts within at least five separate tissue sections from each animal. Two-way ANOVA followed by posttests revealed no significant density changes within rostral regions Area X (a) and 1MAN (b), while increased densities of c-Fos immunoreactive nuclei were noted within the caudal regions RA (c) and HVC (d) 90 min following treatment with the cannabinoid agonist WIN55212-2 (3 mg/kg, *p<0.05) supports a presynaptic modulatory role for CB 1 signaling (Elphick and Egertova 2001) that involves a reduced probability of neurotransmitter release following inhibition of calcium and activation of potassium channels (Mackie and Hille 1992; Mackie et al. 1995) . Through this mechanism, accumulating evidence suggests that cannabinoid signaling is an essential component of "depolarizationinduced suppression of inhibition" or DSI (Wilson and Nicoll 2002) . DSI is a retrograde process wherein postsynaptic activity promotes presynaptic inhibition of transmitter release. From this, it seems likely that the altered neuronal activity measured in our avian system may be attributable to reduced transmitter release within the rostral vocal motor song regions, HVC and RA. From this, it follows that lowdosage effects, characterized by reduced neuronal activity (0.3 mg/kg WIN55212-2, see Fig. 3c and d) , are likely attributable to reduced excitatory neurotransmitter release, while higher-dosage effects (3 mg/kg WIN55212-2) follow reduced inhibitory input. This hypothesis suggests that (1) vocal motor song regions contain both excitatory and inhibitory input, (2) the excitatory input is more sensitive to cannabinoid agonists than the inhibitory, and (3) an inhibitory tone predominates within vocal motor regions of zebra finch telencephalon. Pending the detailed studies of the neuroanatomy of HVC and RA, similar to the one recently completed for the striatal region Area X (Reiner et al. 2004a, b) , it is difficult to predict which neurotransmitter systems are likely involved in the biphasic cannabinoid effects observed.
The studies done with the antagonist rimonabant were essential to demonstrate involvement of CB 1 receptors in the agonist effects we measured. WIN55212-2 is an effective agonist of both CB 1 and CB 2 receptor subtypes, while rimonabant (referred to prior to clinical development as SR141716A) is CB 1 selective (Pertwee 1997) . In the case of WIN55212-2-altered activity within HVC and RA, both the inhibitory low-dose and stimulatory higher dose effects were reversed by rimonabant and, therefore, are both attributable to CB 1 receptor activation (Fig. 5) . Although 6 mg/kg rimonabant was effective in reversing the effects of the agonist administered alone (Fig. 5a and b) , within RA, delivery of 6 mg/kg rimonabant alone resulted in significantly higher levels of c-Fos-reactive cells than did a combination of 6 mg/kg rimonabant with 3 mg/kg WIN55212-2. This effect may be attributable to incomplete displacement of agonist-receptor complexes within RA, resulting in an effectively reduced agonist dosage to levels associated with inhibitory effects on activity (similar to those produced by 0.3 mg/kg WIN55212-2 alone, see Fig. 5d ). Rimonabant is a problematic antagonist. In some systems (and in most behavioral systems), it appears to function as a true CB 1 -selective antagonist (Fowler 2007) . In other systems, particularly those in vitro, it clearly has the ability to function as an inverse agonist (reviewed by Pertwee 2005) . Therefore, we cannot be sure if effects measured following administration of rimonabant alone (those presented in Fig. 5b ) are attributable to inverse agonism or to antagonism of endocannabinoid tone within RA. Fig. 6 Double-immunohistochemcial labeling with c-Fos and CB 1 cannabinoid receptor antibodies. c-Fos-labeled nuclei are stained blue-grey; CB 1 receptor staining is rust-brown. The pattern of anti-CB1 staining within HVC and RA consists of diffuse neuropil staining with distinct small and irregularly shaped puncta (indicated with arrows labeled 'P'). c-Fos-labeled nuclei surrounded by unstained cytoplasm are indicated with arrows labeled 'S'. Dorsal is top; rostral left. ×100 Bars=200 μm, ×100 bars=10 μm Double-labeling experiments allowed us to assess the relative patterns of expression of CB 1 receptors and c-Fosexpressing nuclei within the caudal telencephalic song regions HVC and RA (see Fig. 6 ). Within these regions, the distinct expression of CB 1 within neuropil suggests a generalized expression throughout the neuronal processes that surround the cell bodies of c-Fos-expressing neurons. Densely stained puncta, some of which also surround c-Fosexpressing cell bodies, are consistent in size and appearance with presynaptic densities, such as those previously described to express aromatase in zebra finch telencephalon (Peterson et al. 2005) . Additional studies will be required to determine if this dual pattern of CB1 receptor expression may be related to the distinct, biphasic efficacies of low-and high-cannabinoid agonist dosages described above.
Overall, results reported herein demonstrate for the first time dose-dependent effects of cannabinoid receptor activation to both inhibit and stimulate neuronal activity within a subset of CB 1 receptor-expressing brain regions. This knowledge will be helpful for the interpretation of the complex neuromodulary effects of cannabinoids in other systems and improves our understanding of the nature and function of cannabinoid signaling within the vertebrate brain.
